MicroRNA (miRNA) may function as an oncogene or a tumor suppressor in tumorigenesis. However, the mechanism of miRNAs in adenoid cystic carcinoma (ACC) is unclear. Here, we provide evidence that miR-24-3p was downreglated and functions as a tumor suppressor in human lacrimal adenoid cystic carcinoma by suppressing proliferation and migration/ invasion while promoting apoptosis. miR-24-3p down-regulated protein kinase C eta (PRKCH) by binding to its untranslated region (3'UTR). PRKCH increased the of the cell growth and migration/invasion in ACC cells and suppressed the expression of p53 and p21 in both mRNA and protein level. The overexpression of miR-24-3p decreased its malignant phenotype. Ectopic expression of PRKCH counteracted the suppression of malignancy induced by miR-24-3p, as well as ectopic expression of miR-24-3p rescued the suppression of PRKCH in the p53/p21 pathway. These results suggest that miR-24-3p promotes the p53/p21 pathway by down-regulating PRKCH expression in lacrimal adenoid cystic carcinoma cells.
Introduction
Adenoid cystic carcinomas (ACCs) of the lacrimal gland are rare tumors, accounting for~1% of head and neck malignant tumors and 1.6% of all orbital tumors [1] . However, this tumor type is one of the most common malignant epithelial tumors of the lacrimal gland [2, 3] , second only to pleomorphic adenoma, which accounts for 25-40% of these tumors and is the most common epithelial tumor of the lacrimal gland. Due to the malignant behavior and complex orbital anatomy location of the tumors, early detection and complete resection are very difficult. Lacrimal adenoid cystic carcinoma (LACC) is similar to salivary ACC but has a poor prognosis. The main characteristics of LACC are multiple recurrences, intracranial extension, and potential distant metastases to the lung, bone, brain, and liver. The foremost characteristic is long distance metastasis [4] . Thus, the survival rates are low, with less than 50% survival at 5 years and 20% at 10 years [5] . Therefore, studies concerning the origin, development and treatment of LACC are very important. Previous studies have indicated that specific genes, including microRNAs (miRNAs), were related to the pathogenesis and malignant behavior of LACC.
MicroRNAs (miRNAs) are small endogenous noncoding RNAs that are 20-25 nucleotides in length. MiRNAs regulate posttranscriptional gene expression by binding to the 3'UTR (untranslated regions) of mRNAs [6] . MicroRNAs act as oncogenes (oncomiR) or tumor suppressors in accordance with their target gene functions. Due to the effects on gene expression, miRNAs are key regulators of tumor progression [7, 8] . A recent study confirmed miR-24-3p had an abnormally low expression in high metastasis type of adenoid cystic carcinoma cells based on gene chip analysis and qRT-PCR assay [9] . miR-24 is upregulated during the terminal differentiation of multiple lineages to inhibit cell cycle progression [10, 11] . miR-24 regulates apoptosis by targeting the open reading frame (ORF) region of FAF1 in cancer cells [12] . miR-24 directly down-regulates mitogen-activated protein kinase (MAPK) phosphatase-7 and enhances the phosphorylation of both c-jun-NH(2)-kinase and p38 kinases [13] . However, few studies have been performed on the mechanism of miR-24-3p in LACC. To determine the target genes that mediate the effects of miR-24-3p in LACC, we used the prediction algorithms of TargetScan, PicTar and miRBase Targets. Make intersection between the results in the web. Selecting the target gene, we based on the predicting scores and knoweledge of gene function. In all target genes, PRKCH has a conservative miR-24-3p binding site in its 3'UTR, and the binding to this site has high specificity.
PRKCH (protein kinase C eta), also written as PKCη, is one of the members of the protein kinase C (PKC) family. PKC represents a family of phospholipid-dependent serine/threonine kinases that are key mediators in signal transduction pathways [14] [15] [16] [17] and are involved in various cellular processes, including cell proliferation, differentiation, and apoptosis. Some processes are pro-apoptotic, but others are anti-apoptotic [18, 19] . The role of PRKCH in apoptosis and anti-apoptosis was demonstrated by several independent studies [20, 21] . PRKCH is upregulated in breast cancer cells, and its decreased expression inhibits the growth of breast cancer cells. Additionally, PRKCH contributes to the resistance against the cell death of MCF-7 cells by inhibiting JNK activity [22] . However, studies have shown that PKC activity contributes to tumor progression in malignant astrocytomas [23] . PRKCH is associated with the cyclin E/cdk2/p21 complex, leading to G1 arrest in keratinocytes due to phosphorylated p21. The phosphorylation of p21 occurs via the inhibition of cdk2 kinase activity [24] . Further, p21 was implicated in mediating indirect transcriptional repression by p53 [25, 26] . The function of PRKCH in ACC needs further study because the mechanism is also unclear.
Our study found that miR-24-3p down-regulated the expression of PRKCH in ACC by directly targeting the 3'UTR of PRKCH mRNA. We indicated that PRKCH promoted the proliferation, migration and invasion of ACC cells. Furthermore, we demonstrated that miR-24-3p suppresses this proliferation, migration and invasion by down-regulating the expression of PRKCH. A high level of PRKCH suppresses p53/p21 expression, whereas miR-24-3p promotes the p53/p21 pathway by decreasing the expression of PRKCH.
Materials and Methods

Tissue samples and cell lines
Five pairs of LACC tissues and adjacent non-tumor tissues were collected from the Second Hospital of Tianjin Medical University and were verified by pathologists. All tissues were from postoperative pathologic specimens. The experiments were undertaken with the understanding and informed consent of all patients by telephone. The consent procedure was reviewed and approved by the Ethics Committees of Tianjin Medical University. All of the experiments were approved by the ethics committee of Tianjin Medical University. Additionally, the study conformed to the standards set by the Declaration of Helsinki.
The ACC cell lines ACC-2 and ACC-M were purchased from ATCC, and stored in our laboratory. Additionally, they were cultured in RPMI 1640 medium (GIBCO BRL, Grand Island, NY, USA) supplemented with 10% FBS (fetal bovine serum) and 1% PS (100 units/ml penicillin, 100 μg/ml streptomycin). The cells were cultured at 37°C in a thermostat with 5% CO 2 . The reagent for transfection is Lipofectamine TM 2000 purchased from Invitrogen (Carlsbad, CA, USA).
Plasmid construction
The plasmid pri-miR-24-3p, which promotes the high expression of miR-24-3p, was constructed in our laboratory. The sequence of miR-24-3p was "UGGCUCAGUUCAGCAGGAA CAG". We amplified the 366 bp DNA fragments of miR-24-3p from the genomic DNA of ACC-M cells by PCR using primers in Table 1 and then inserted the fragments into the vector. The restriction enzyme sites were for EcoRI and XhoI. The plasmid ASO-miR-24-3p, which blocks the expression of miR-24-3p, was purchased from GenePharma (Shanghai, China). The control plasmid ASO-NC was also purchased from GenePharma. The same methods were used to amplify the PRKCH fragments from the cDNA of ACC-M cells, and then the fragment was inserted into the pcDNA3/flag tag vector. The fragments and 
RNA isolation and qRT-PCR assay
RNAs were isolated using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) following the manufacturer's instructions. RNA is reverse-transcribed to cDNA by RT-PCR assay. The target genes and controls were analyzed by qRT-PCR using SYBR Premix Ex TaqTM (Promega, Madison, WI, USA). The primers for qRT-PCR are listed in Table 1 .
Fluorescence reporter assay
ACC-M and ACC-2 cells were cotransfected in 48-well plates with the reporter vector pcDNA3-EGFP-PRKCH-3'UTR or pcDNA3-EGFP-PRKCH-3'UTR-mut and pcDNA3/primiR-24-3p, pcDNA3, ASO-miR-24-3p or ASO-NC. The plasmid pDsRed2-N1 (Clontech) was used as the internal control standard. The detailed methods were described in a previous study [27] .
Western blot
The detailed procedures for western blot were described in a previous study [27] . The primary antibodies PRKCH, ICAM-1, E-cadherin, vimentin, P53, P21, EGFP and GAPDH were purchased from Saier Biotech Co. (Tianjin, China). The secondary goat anti-rabbit antibodies were purchased from Sigma.
Cell viability assay
The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) assay was used to evaluate cell viability in ACC cells. The transfected cells were counted after 20-24 hours, and 3,000 cells were seeded in a 96-well plate. When adherent, 10 μL of MTT (0.5%) was added to the culture solution, incubated at 37°C for 4 h, and then the medium was removed. Next, 100 μL of DMSO was added, and the absorbance was observed at 570 nm (A570) (Bio-Tek Instruments, Winooski, VT, USA). The same methods were used to test cell viability at 48 h and 72 h.
Colony formation assay
For the colony formation assay, 400 ACC-2 and ACC-M cells were seeded in 12-well plates after being transfected. After 11 and 13 days, the cells were stained with crystal violet. The average mount was used to evaluate the formation ability.
Migration and invasion assays
In total, 50,000 cells were seeded for the migration assay, and 100,000 were seeded in the 24-well Boyden chambers for the migration and invasion assays. The detailed procedures for western blot were described in a previous study [27] .
Apoptosis assay via flow cytometry
The cells were seeded in a 6-well plate, and the density was less than normal. The cells were transfected 24 h later, and cisplatin was added to induce apoptosis for 6 hours. Next, the cells were processed following the manufacturer's instructions (SunGene, Tianjin, China). Samples were analyzed using the FACS Calibur flow cytometer and FlowJo software (DB Biosciences, San Jose, CA).
Ubiquitination assay
To detect the ubiquitination of p53 by western blotting. The cells were cotransfected with pcDNA3-flag/p53(flag-tag) with pA3M1 or pA3M1/PRKCH(myc-tag). The detailed procedures were described in a previous study [28] .
Statistical analysis
Data are presented as the means±SD. Each experiment was performed at least three times, and the analysis was performed using paired t-test. Results
miR-24-3p directly targets PRKCH and down-regulates its expression
First, we tested the relationship between miR-24-3p and PRKCH in tissues. We examined their expression levels in 5 pairs of LACC tissues and adjacent non-tumor tissues by qRT-PCR. The results showed that miR-24-3p was down-regulated ( Fig 1A left panel) but PRKCH was upregulated ( Fig 1A middle panel) compared with the expression in adjacent non-tumor tissues.
The expression of miR-24-3p and PRKCH in the tissues allowed us to determine whether miR-24-3p directly targets the 3'UTR of PRKCH. The fragment containing the binding sites of miR-24-3p with PRKCH 3'UTR or mutant sites (Fig 1B) was cloned into the vector pcDNA3/EGFP. First, we cotransfected the plasmids wild-type or mutant pcDNA3/EGFP-PRKCH 3'UTR with miR-24-3p or AS0-miR-24-3p or the vectors in ACC cells. After 48 h, we tested EGFP intensity, and the results indicated PRKCH is a direct target of miR-24-3p (Fig 1C) . Western blot analysis using the EGFP protein antibody also supported these results (Fig 1C, S1 Fig, S2 Fig) .
Next, we explored the functions of miR-24-3p in the expression of endogenous RPKCH mRNA and protein by qRT-PCR and western blot assays (Fig 1D, Fig 1E) . The results showed that the overexpression of miR-24-3p decreased the PRKCH mRNA and protein levels. By contrast, ASO-miR-24-3p increased the expression. Thus, the results demonstrate that miR-24-3p directly targets the 3'UTR of PRKCH and down-regulates both its mRNA and protein levels in ACC-2 and ACC-M cells.
miR-24-3p suppresses the proliferation of ACC-2 and ACC-M cells and exacerbates apoptosis
First, we tested the efficiency of the plasmids pcDNA3/pri-miR-24-3p and ASO-miR-24-3p in ACC-2 and ACC-M cells with qRT-PCR (Fig 2A) . Next, MTT assays were used to test cell viability after transfecting with pcDNA3/pri-miR-24-3p or ASO-miR-24-3p at 24 h, 48 h and 72 h. The results showed that miR-24-3p decreased cell viability, whereas ASO-miR-24-3p increased cell viability in both ACC-2 and ACC-M cells (Fig 2B) . Next, the colony formation assay was performed to test the effects of miR-24-3p on proliferation. The results indicated that the overexpression of miR-24-3p suppressed the rate of colony formation. Conversely, ASO-miR-24-3p increased the rate (Fig 2C) . The two assays showed that miR-24-3p suppressed proliferation in both ACC-M and ACC-2 cells.
Flow cytometry was used to test whether miR-24-3p regulated the apoptosis of ACC-2 and ACC-M cells. The cells were stained by Annexin V staining and PI. The cells were not drug induced before the test. The results showed that miR-24-3p exacerbates apoptosis in ACC-M. Taken together, these results indicate that miR-24-3p suppresses the proliferation of ACC-2 and ACC-M cells and exacerbates apoptosis (Fig 2D.) .
miR-24-3p suppresses the migration and invasion of ACC-2 and ACC-M cells and down-regulates the EMT process
Transwell chamber inserts were used to explore the effects of miR-24-3p on the migration and invasion of ACC cells. The transwell was coated with Matrigel in the invasion assay. The results indicated that the overexpression of miR-24-3p suppressed the migration and invasion of ACC cells, while ASO-miR-24-3p increased the migration and invasion of ACC-2 and ACC-M cells (Fig 3A) . The wound healing assay was used to detect the capability of cell migration. The assay also revealed that the overexpression of miR-24-3p decreased the migration of both ACC-M and ACC-2 ( Fig 3B) .
Next, we tested the expression of molecular markers (E-cadherin, ICAM-1 and vimentin) to clarify the influences of miR-24-3p on the EMT process. As shown in Fig 3C, the overexpression of miR-24-3p increased E-cadherin but decreased the ICAM-1 and vimentin protein levels in both ACC-2 and ACC-M cells. By contrast, ASO-miR-24-3p decreased E-cadherin but increased the ICAM-1 and vimentin protein levels. These results showed that miR-24-3p suppresses the migration and invasion of ACC cells.
PRKCH acts as an oncogene to promote the malignant phenotypes of ACC cells
The efficiency of the plasmids pcDNA3/PRKCH and pSilenser 2.1-neo/shR-PRKCH (also written as shR-PRKCH) was tested by both qRT-PCR and western blot, as shown in Fig 4A and 4B  (S3 Fig). MTT assays (Fig 4C) performed using ACC-2 and ACC-M cells showed that PRKCH increased cell viability. Colony formation (Fig 4D) assays were performed in ACC cells. The results showed that PRKCH increased the colony formation rate. The two assays showed that an increased level of RKKCH accelerated the proliferation of ACC cells.
To determine the effects of PRKCH on apoptosis, the cells were transfected with pcDNA3/ PRKCH or pSilenser2.1-neo/shR-PRKCH and the vectors. Before staining, the transfected cells were induced by cisplatin. Apoptosis was tested by flow cytometry, and the results indicated that PRKCH suppressed apoptosis but that shR-PRKCH promoted apoptosis (Fig 4E) .
The migration and invasion assays showed that the overexpression of PRKCH promoted both migration and invasion into the two cell lines, whereas the knockdown of PRKCH suppressed migration and invasion (Fig 5A) . Wound healing assays also showed that an increased level of PRKCH promoted cell migration (Fig 5B) . Effects of miR-24-3p on the p53/p21 Pathway Furthermore, we investigated the effects of PRKCH on specific molecules in the EMT process (Fig 5C) . The overexpression of PRKCH down-regulated E-cadherin but up-regulated ICAM-I and vimentin protein levels. The knockdown of PRKCH produced contradictory results in the EMT process. Overall, PRKCH promotes the proliferation, migration and invasion and suppresses apoptosis in ACC cells.
PRKCH rescues the suppression of the malignant behavior mediated by miR-24-3p
The above results showed that miR-24-3p and PRKCH had opposing functions in malignant phenotypes. Additionally, miR-24-3p decreased the expression of PRKCH at both the mRNA and protein levels. Next, we explored whether the effects of miR-24-3p on malignant phenotypes were achieved due to miR-24-3p decreasing the expression of PRKCH. Cotransfection assays with pcDNA3/pri-miR-24-3p, pcDNA3/PRKCH and vectors were performed. The results showed that the overexpression of PRKCH may counteract the decreased PRKCH expression caused by miR-24-3p at the protein levels (Fig 6A) . MTT assays showed that the overexpression of PRKCH may rescue the decreased cell viability caused by miR-24-3p ( Fig  6B, S4 Fig, and S5 Fig) . Similarly, the colony formation rate may also be rescued (Fig 6C) . Next, the overexpression of PRKCH could disrupt the suppression of miR-24-3p in the migration and invasion of ACC cells (Fig 6D) . PRKCH also restored the apoptosis induced by miR-24-3p ( Fig 6E, S6 Fig) . In addition, PRKCH disrupted the suppression of molecular markers in EMT mediated by miR-24-3p in ACC (Fig 6F) .
miR-24-3p affects the p53 pathway by regulating the expression of PRKCH
Although miR-24-3p and PRKCH have been shown to regulate malignant behavior in ACC, their further mechanisms have not been studied. p21 is a cell growth inhibitor activated by p53, and in some studies, the expression of PRKCH influenced the expression of p21 [29] [30] [31] [32] . We first tested the p53 level in LACC tissues, and p53 displayed lower expression in tumor tissues than in adjacent non-tumor tissues (Fig 1A right panel) . A pcDNA3/p53 and pSilenser2.1-neo/ shR-p53 plasmid was made to test the p21 protein level in ACC cells. The results showed that the overexpression of p53 may increase the p21 levels (Fig 7A right panel) . Additional studies found that the overexpression of PRKCH decreased the p53/p21 protein levels, whereas the knockdown of PRKCH increased p53/p21 expression (Fig 7A left panel) .
Our results revealed that PRKCH was a direct target gene of miR-24-3p and decreased the p53/p21 protein levels. Therefore, miR-24-3p may promote the p53/p21 pathway by down-regulating the expression of PRKCH. Next, we validated the effects of miR-24-3p on the p53 pathway (Fig 7B left panel) . The results revealed that high levels of miR-24-3p promoted the p53/ p21 pathway. Next, we found that miR-24-3p may rescue the suppression of the p53/p21 pathway caused by PRKCH via cotransfection assays (Fig 7B right panel) . To further assess the influence of miR-24-3p on the p53/p21 pathway via PRKCH, we tested the effect on the Effects of miR-24-3p on the p53/p21 Pathway mRNA level by qRT-PCR. As expected, a high level of PRKCH suppressed the expression of p53/p21 mRNA (Fig 7C) . miR-24-3p may also rescue the suppression of PRKCH on the p53/p21 mRNA levels (Fig 7D) . Furthermore, the ubiquitination analysis showed that overexpressed PRKCH increased the ubiquitination of p53 (Fig 7E) . All of the results demonstrated that miR-24-3p suppressed PRKCH expression to promote the p53/p21 pathway at both the mRNA and protein levels.
Discussion miRNAs bind to the 3'UTR of gene mRNAs to regulate the posttranscriptional level of a target gene. This function decreases the expression of protein, thereby affecting biological processes. miRNAs regulate proliferation, migration, and tumor invasion [28, [33] [34] [35] , including those functions in ACC. However, there are few studies on miRNA regulation of the expression of functional proteins in ACC. In this study, we demonstrated that miR-24-3p displayed lower levels in ACC tumors than in adjacent non-tumor tissues and showed that miR-24-3p suppressed the proliferation, migration and invasion of ACC. Because miRNAs function by affecting the expression of target genes, we used an internet research tool to predict the target gene and determine the miR-24-3p target of the 3'UTR of PRKCH. The EGFP reporter system and western blot results confirmed that miR-24-3p directly targeted the PRKCH. Next, we confirmed that miR-24-3p down-regulated the mRNA and protein levels of endogenous PRKCH.
PRKCH (PKCη) plays either an apoptotic or anti-apoptotic role in different studies [36] [37] [38] [39] [40] . The overexpression of PRKCH in MCF-7 cells attenuated TNF-α-induced death by preventing the activation of caspases 7 and 8 [41] and was related to tumor metastasis and positive lymph nodes. Another study showed that PRKCH had negative effects on the AKT pathway, reducing cell proliferation in breast cancer cells and affecting cell death [42] . Thus, PRKCH could be of therapeutic value. The status of PRKCH may serve as a potential biomarker for breast cancer malignancy by targeting either PKCε or PDK1 [37] . PMA activates the expression of PRKCH, resulting in the activation of the Akt/mTOR signaling pathway to increase the cell proliferation of U-251 GBM cells [43] . However, other studies have shown that PRKCH is an apoptotic factor. PRKCH, an anti-apoptotic kinase, is located in the nucleus and cytoplasm [23] . The expression of PRKCH was down-regulated in 82% of HCC tissues, and the reduced expression of PRKCH was associated with a poorer long-term survival of HCC patients [20] . Our results confirmed that PRKCH had a high level in LACC tissues. Further, PRKCH functioned as an anti-apoptosis gene and promoted the malignant behavior of ACC.
In keratinocytes and MCF-7 cells, PRKCH regulated the expression of p21 [24, 29] . The gene of the cyclin-dependent kinase (CDK) inhibitor p21 was the first reported p53 transcriptional target to be activated by p53 [44] [45] [46] . We used the p53 plasmid to find that the overexpression of p53 increases the p21 protein level in ACC. The key functions of tumor suppressor p53 are to regulate the cell cycle and induce apoptosis [47, 48] . Many different mechanisms regulate the expression of p53 [49, 50] . Upon chemotherapy drug treatment, miR-7 down-regulates the p53-dependent apoptosis-related gene BAX and p21 expression by interfering with the interaction between SMARCD1 and p53, thereby reducing caspase 3 cleavage and downstream apoptosis cascades [51] . Another study showed that mdm2 as an oncogene plays an important role in the regulation of the p53 protein. In ACC, we found that a high level of PRKCH down-regulated p21 and p53 expression. The qRT-PCR assays indicated the overexpression of PRKCH suppressed the mRNA expression of p53 and p21. The ubiquitination Effects of miR-24-3p on the p53/p21 Pathway assays showed that the overexpressed PRKCH promoted the ubiquitination of p53. The previous studies showed that PKC affected the ubiquitination via E3 ubiquitin ligases [52] [53] [54] . The main E3 ligases included Nedd4-1, Nedd4-2 and CHIP. PRKCH is one of PRK family, so we Effects of miR-24-3p on the p53/p21 Pathway speculated that PRKCH influenced the ubiquitination of p53 via E3 ligase. The mechanism need to further study. Our results revealed that the overexpression of miR-24-3p may promote the expression of p53/p21 via decreasing the expression of PRKCH in ACC.
Overall, our results demonstrate that miR-24-3p suppresses proliferation, migration and invasion and promotes the p53/p21 pathway by down-regulating PRKCH expression. These findings provide a new insight into the malignant behavior of ACC and identify a potential biomarker for the development of diagnostic or therapeutic strategies.
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